Previously, we have shown that p22, an EF-hand Ca 2+ -binding protein, interacts indirectly with microtubules in an N-myristoylation-dependent and Ca 2+ -independent manner. In the present study, we report that N-myristoylated p22 interacts with several microtubule-associated proteins within the 30-100 kDa range using overlay blots of microtubule pellets containing cytosolic proteins. One of those p22-binding partners, a 35-40 kDa microtubule-binding protein, has been identified by MS as GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Several lines of evidence suggest a functional relationship between GAPDH and p22. First, endogenous p22 interacts with GAPDH by immunoprecipitation. Secondly, p22 and GAPDH align along microtubule tracks in analogous punctate structures in BHK cells. Thirdly, GAPDH facilitates the p22-dependent interactions between microtubules and microsomal membranes, by increasing the ability of p22 to bind microtubules but not membranes. We have also shown a direct interaction between N-myristoylated p22 and GAPDH in vitro with a K D of ∼ 0.5 µM. The removal of either the N-myristoyl group or the last six C-terminal amino acids abolishes the binding of p22 to GAPDH and reduces the ability of p22 to associate with microtubules. In summary, we report that GAPDH is involved in the ability of p22 to facilitate microtubulemembrane interactions by affecting the p22-microtubule, but not the p22-membrane, association.
INTRODUCTION
It is well documented that microtubules facilitate the assembly of membrane-bound organelles as well as several membranetrafficking events [1] . However, the molecular mechanisms involved in the interactions between microtubules and intracellular membranes are still incomplete. Much of the work in the field has been focused on motor-mediated organelle movement along microtubules [2, 3] , but non-motor MAPs (microtubule-associated proteins) have also been shown to be involved in organelle assembly and organization [4, 5] . An increasing number of nonmotor-associated proteins have been implicated in microtubuleorganelle interactions as well as in organelle assembly and movement. Rab GTPases and CLIPs (cytoplasmic linker proteins) interact with motors to modulate the binding of membrane vesicles to microtubules [6] [7] [8] . Other proteins such as ch-TOG, the human homologue of XMAP-215 and CLIMP-63, an ER (endoplasmic reticulum) integral membrane protein, act to link microtubules to ER membranes [9] [10] [11] , whereas Hook3, a microtubule-and Golgi-binding protein, is required for the organization of the Golgi complex [12] . Although a more detailed picture of the interactions between membrane-bound organelles and microtubules is emerging, numerous gaps still exist in our knowledge.
p22, one of the less well-characterized members of the EFhand Ca 2+ -binding superfamily, was isolated in a screen for proteins involved in the targeting/docking/fusion of membrane vesicles with the apical plasma membrane, and was subsequently shown to be required for this process [13] . p22 belongs to an EF-hand subfamily that is related to the calcineurin B subfamily, contains four EF-hand Ca 2+ -binding motifs, undergoes Ca 2+ -mediated conformational changes and is N-myristoylated [13] . p22 is widely expressed, evolutionarily conserved, and it has been shown to have multiple functions, including the regulation of microtubule-membrane interactions [14] , ER and microtubule organization [14] , DRAK2 kinase activity (death-associated protein kinase-related apoptosis inducing kinase) [15] , Na + /H + -exchanger transport activity [16] [17] [18] [19] and calcineurin phosphatase activity [17] . Other p22-binding partners have been identified, such as the kinesin-related motor KIF1Bβ2 [20] and the neuralspecific epidermal growth factor-like repeat-containing protein NELL2, which appear to be involved in the development of the central nervous system [21] .
We have shown that p22 associates with microtubules and membranes of the early secretory pathway using distinct mechanisms [14, 22] . Ability of p22 to bind membranes increases in an Nmyristoylation-and Ca 2+ -dependent manner, which is suggestive of a non-classical Ca 2+ -myristoyl switch [14] . In contrast, p22 associates with microtubules independent of its Ca 2+ -binding ability [22] . The p22-microtubule association is modulated by a lowaffinity interaction with cytosolic microtubule-binding factors, which are distinct from classical microtubule motors, CLIP-170, MAPs, p58 and actin [22] . Moreover, p22 plays a role in microtubule and ER organization and dynamics with distinct Ca 2+ -binding requirements; Ca 2+ binding and Ca 2+ -mediated conformational changes are required for the functioning of p22 in ER network formation, but not for its ability to modulate microtubule organization and dynamics [14] .
To explore further the nature of interaction of p22 with microtubules, we identified GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a p22-binding protein that affects the ability of p22 to associate with microtubules and to facilitate microtubule-membrane interactions. GAPDH is a classical glycolytic enzyme, which has been shown to display several different activities, such as microtubule bundling, membrane fusion, phosphotransfer activity, nuclear RNA export, DNA replication and DNA repair [23] . Previously, it has been shown that GAPDH associates with the microtubule cytoskeleton within the early secretory pathway [24, 25] . GAPDH has also been shown to interact with the actin cytoskeleton [26] . Taken together, our findings suggest that GAPDH facilitates the p22-dependent microtubulemembrane interactions by affecting the ability of p22 to associate with microtubules but not microsomal membranes.
EXPERIMENTAL Microtubule co-sedimentation assays
Rat liver and kidney cytosols were prepared as in [22] . Pure bovine brain tubulin (final concentration of 0.4 mg/ml) (Cytoskeleton Inc., Denver, CO, U.S.A.) was incubated for 30 min at 37
• C with 20 µM taxol, protease inhibitors, PEM buffer (0.1 M Pipes, pH 6.6, 1 mM EGTA and 1 mM MgSO 4 ) and 500 µg of cytosol or 2 µg of purified GAPDH from rabbit muscle (Sigma-Aldrich, St. Louis, MO, U.S.A.), in the presence or absence of 12 µg of myr-p22 (bacterially expressed N-myristoylated p22 protein), myr-p22-190-195 (bacterially expressed N-myristoylated C-terminal deletion p22 mutant) or p22-rec (bacterially expressed non-myristoylated p22 mutant); microtubule-binding assays were then performed as described previously [22] . Equal amounts of supernatants and microtubule pellets were loaded on to a SDS/ 12 %-(w/v)-polyacrylamide gel for Coomassie Blue staining or immunoblotting using polyclonal anti-p22 or monoclonal anti-GAPDH.
Blot overlay assays
Purified rabbit muscle GAPDH, BSA (Fisher Scientific, Fair Lawn, NJ, U.S.A.), or ovalbumin (Sigma-Aldrich), 5 µg of each, or 15 µl of microtubule-binding pellets containing tubulin and either rat liver or kidney cytosolic microtubule-binding proteins were run on a SDS/10 %-polyacrylamide gel. The proteins were transferred to nitrocellulose and the blots were incubated overnight in blocking solution [2.5 % (v/v) non-fat milk, 0.05 % Tween 20 and 0.5× PBS] at 4
• C. Each lane was probed with 5 µg of myr-p22 in blocking solution for 1.5 h at room temperature (22 • C) in a Slot Blot apparatus (Idea Scientific, Minneapolis, MN, U.S.A.). The blot was washed with PBS/Tween (1× PBS and 0.05 % Tween 20) and subsequently processed for immunoblotting using anti-p22 at higher dilutions that are unable to detect endogenous p22.
Co-immunoprecipitation assays
Rat liver cytosolic proteins (500 µg) were incubated overnight at 4
• C with 10 µg of monoclonal antibodies raised against GAPDH or GFP (green fluorescent protein) (Stressgen, Victoria, Canada) in the presence of PEM buffer. Then, samples were incubated for 4 h at room temperature with Protein G-Sepharose (Amersham Biosciences, Piscataway, NJ, U.S.A.) and 1 % Triton X-100. After several washes, bead-containing fractions were resuspended in SDS/PAGE buffer, boiled and separated into supernatant and pellet fractions by centrifugation. Supernatants were analysed by SDS/PAGE (12 % gel) and immunoblotting using anti-GAPDH and anti-p22.
Immunofluorescence microscopy BHK cells were fixed with 4 % (w/v) paraformaldehyde and processed for immunofluorescence using anti-p22 APpep2 antibodies [14, 22] . Monoclonal anti-α-tubulin (clone DM1A; SigmaAldrich) and polyclonal anti-GAPDH (generously provided by Dr E. Tisdale, Department of Pharmacology, Wayne State University School of Medicine) were used in immunofluorescence to detect tubulin and GAPDH respectively. Cy5-and FITClabelled secondary antibodies (Jackson Immunoresearch Laboratories, West Grove, PA, U.S.A.) were used for double-label immunofluorescence. Then, cells were washed briefly in PBS and mounted on glass slides using ProLong anti-fade kit mounting reagent (Molecular Probes, Eugene, OR, U.S.A.). Cells were visualized with a Zeiss Axiovert S100 inverted microscope. Images were collected using Openlab software version 3.0.9 (Improvision Warwick, U.K.) with a Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics, Hamamatsu City, Japan). Image analysis was performed using Adobe Photoshop 5.5.
Microtubule-membrane-binding assay
The effect of p22 and GAPDH on microtubule-membrane interactions was assayed as described in [14] . Microtubule-covered beads were incubated with 500 µg of rat liver cytosol and 12 µg of myr-p22 or 2 µg of purified rabbit muscle GAPDH in PEMT buffer for 30 min at 37
• C. Beads were washed and incubated for 30 min at 37
• C with 100 µg of microsomal membranes. Samples were assayed for calnexin, tubulin, GAPDH and p22 by immunoblotting and quantification using NIH-Image version 1.62.
Membrane-binding assay
Microsomal membranes were centrifuged at 174 000 g for 30 min and resuspended in PBS to remove traces of cytosol as described in [14] . Then, 30 µg of the prewashed membranes were incubated with 2 µg of myr-p22 and/or 2 µg of purified rabbit muscle GAPDH in 100 µl of PEM (100 mM Pipes, pH 6.6, 1 mM EGTA and 1 mM MgSO 4 ) plus protease inhibitor cocktail and 0.2 mg/ml PMSF for 10 min at 37
• C. Samples were centrifuged at 174 000 g for 30 min. Membrane pellets were resuspended in equal amounts of SDS/PAGE loading buffer and analysed by SDS/PAGE and immunoblotting using anti-p22, anti-GAPDH and anti-calnexin. ECL ® -treated immunoblots were quantified using NIH-Image version 1.62.
Affigel-10 bead-coupled proteins
After washing Affigel-10 beads (Bio-Rad Laboratories, Hercules, CA, U.S.A.) with distilled water, 2 ml of beads were incubated overnight at 4
• C with 1.5 mg of GAPDH, BSA, aldolase or ovalbumin (Sigma-Aldrich) in 100 mM Mops (pH 7.5). Then, 0.1 vol. of 1 M ethanolamide (pH 8.0) was added and the beads were incubated for 1 h at room temperature. Beads were first washed with distilled water and then with PEM/Triton (1× PEM plus 1 % Triton X-100). For the binding assay, 50 µg of each specific protein coupled to the beads (GAPDH, BSA, aldolase or ovalbumin) was incubated with different amounts of myr-p22, myr-p22-190-195 or p22-rec for 1 h at 37
• C in PEM/Triton. Beads were washed with PBS/Triton and resuspended in SDS/ PAGE loading buffer. The amount of p22 proteins bound to the beads was detected by immunoblotting using anti-p22. For determining K D values, 50 µg of purified rabbit muscle GAPDH coupled with beads was incubated with different molar concentrations of myr-p22. The K D and B max values were calculated using the Prism 3.03 program by fitting a hyperbola directly to the saturation isotherm using non-linear regression.
SDS/PAGE, immunoblotting and antibodies
Immunoblots were processed by chemiluminescence using ECL ® reagents (Amersham Biosciences) as described previously [13]. For quantification, non-saturated films were scanned and densitometric analysis was performed using NIH Image, version 1.62. Anti-p22 affinity-purified antibodies against full-length (APp22) and peptide p22 (APpep2) were characterized previously [14, 22] . Monoclonal anti-GAPDH was purchased from Chemicon International (Temecula, CA, U.S.A.).
Preparation of bacterially expressed p22 proteins
To construct a p22 deletion mutant in which the last six C-terminal amino acid residues were deleted (p22-190-195), we paired a downstream primer containing a stop codon followed by a BamHI site after residue 190 (5 -CGGGATCCTTACATCTT-CTGTTCTACATCC-3 ), with an upstream N-terminal primer using p22 as a template for PCR mutagenesis. The resulting PCR fragment was cloned into pET3a and then checked by DNA sequencing. Bacterial expression of myr-p22, myr-p22-190-195 and p22-rec was performed as described previously [14, 22] . All bacterially expressed p22 proteins showed 80-95 % purity and the expected molecular mass by SDS/PAGE and immunoblotting analysis (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work).
RESULTS p22 binds microtubule-associated GAPDH
Previously, we have shown that the majority of p22 associates with microtubules in a cytosol-dependent manner [22] . To gain insight into the cytosolic proteins that may be involved in the p22-microtubule association, we have determined the number and molecular mass of the microtubule-associated cytosolic p22-binding partners. myr-p22 was used as a probe in blot overlays of microtubule pellets prepared from co-sedimentation assays that were performed in the presence of purified tubulin and rat liver cytosolic proteins ( Figure 1A , left panel, lanes 1 and 2). Microtubule pellets were separated by SDS/PAGE, transferred to nitrocellulose, incubated in the presence or absence of myr-p22 and immunoblotted with anti-p22 (lane 1 versus lane 2). myr-p22 recognizes several protein bands in the 30-100 kDa range in microtubule pellets containing liver cytosolic proteins (lane 1). Bands detected in the absence of myr-p22 are due to the nonspecific binding of anti-p22 to liver microtubule pellets (lane 2). The profile of p22-binding partners in the 30-100 kDa range was the same in the presence or absence of 1 mM CaCl 2 (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work), as expected, since the p22-microtubule association occurs in a Ca 2+ -independent manner [22] . It is important to note that the potential p22-binding partners in microtubule pellets are only a subset of the total proteins present in rat liver cytosol, since they consist of MAPs. p22 interacts with at least eight proteins in total rat liver cytosol (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work), in contrast with four targets in microtubule pellets ( Figure 1A , left panel, lane 1).
We also investigated the ability of myr-p22 to interact differentially with MAPs depending on their tissue of origin. Blot overlays with myr-p22 were performed on microtubule pellets containing either liver or kidney cytosolic microtubule-binding proteins ( Figure 1, left panel, lanes 1 and 2 versus lanes 3 and 4) . Four interacting partners in the 30-100 kDa range were detected in liver microtubule pellets (lane 1, bands 1-4). In contrast, only one p22-binding partner with a similar molecular mass to band 2 in liver was detected in kidney microtubule pellets (lane 3, band 2). Bands detected in the absence of myr-p22 are due to the non-specific binding of anti-p22 to liver and kidney microtubule pellets (lanes 2 and 4). Rat liver and kidney microtubule pellets were analysed by SDS/PAGE and silver staining ( Figure 1A , right panel). Whereas 15-20 liver cytosolic proteins are found associated with microtubule pellets (lane 1), only four predominant cytosolic kidney proteins appear to be interacting with microtubules (lane 2). Significantly, a protein of similar molecular mass to band 2 in overlay blots is found associated with liver and kidney microtubule pellets using silver staining analysis ( Figure 1A , right panel, lanes 1 and 2, band 2). We subjected band 2 (∼ 35-40 kDa band) to MS at the W. M. Keck Biomedical Mass Spectrometry Laboratory at the University of Virginia. Eight peptides were analysed by database searches and the protein was identified as GAPDH, with the sequenced peptides covering 30.4 % of the total protein sequence and each peptide matching rat GAPDH with 100 % homology ( Figure 1B ; grey boxes). (A) Rat liver (L) and kidney (K) cytosolic proteins were subjected to immunoblots using tubulin, GAPDH and p22 antibodies. (B) Upper panels: microtubule co-sedimentation assays were incubated with myr-p22 in the absence (lane -) or presence of rat liver (lane L) or kidney (lane K) cytosols and processed as described previously [22] . Supernatants (S) and microtubule pellets (P) were analysed by immunoblotting using anti-p22 and anti-GAPDH. (B) Lower panel: p22 and GAPDH immunoblots were quantified as described in the Experimental section, and the percentage binding of p22 or GAPDH to microtubule pellets in the presence of liver cytosol was normalized to 100 % respectively. Results represent means + − S.D. for three experiments. MTs, microtubules.
p22 and GAPDH associate with microtubule pellets in the presence of liver or kidney cytosolic proteins
If p22 interacts with liver and kidney GAPDH, we would expect both p22 and GAPDH to be expressed in liver and kidney cytosols. Cytosolic fractions, isolated from liver and kidney organs, were subjected to SDS/PAGE and immunoblotting using p22, GAPDH and tubulin antibodies. Similar levels of p22, GAPDH and tubulin expression were detected in liver and kidney cytosolic proteins (Figure 2A ). These results are in agreement with previous results showing that p22 and GAPDH protein and mRNA are expressed in every adult rat tissue tested [13, 16, 18, 27] .
Since myr-p22 binds microtubule-associated GAPDH in overlay blots of microtubule pellets prepared with purified tubulin and liver or kidney cytosolic proteins ( Figure 1A) , we have tested the association of myr-p22 with microtubules in co-sedimentation assays performed in the presence of liver or kidney cytosolic proteins. In agreement with our previous results [22] , 55-60 % of the total amount of myr-p22 added to co-sedimentation assays is found associated with microtubule pellets in the presence of liver cytosol; these values were normalized to 100 % ( Figure 2B , lane 1) to allow for comparisons between different experiments. As expected, a significant reduction (∼ 8×) is detected when comparing the relative percentage of myr-p22 binding with microtubules in the presence or absence of liver cytosol (Figure 2B, lane 1 versus lane 3) . Furthermore, myr-p22 associates with microtubule pellets in the presence of 1 % Triton X-100 but not in the presence of cytosol pretreated with trypsin, indicating that p22 interacts with microtubules in a lipid-independent and protein-dependent manner (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work).
As shown in Figure 2 (B), both rat liver and kidney cytosols support the ability of myr-p22 to associate with microtubule pellets (lane 1 versus lane 2). Nevertheless, kidney cytosolic proteins have a slightly decreased ability (∼ 1.6×) to support the p22-microtubule association when compared with that of the liver cytosolic proteins. Since GAPDH has been shown to bind microtubules directly [23, 28, 29] , we have tested the ability of liver or kidney cytosolic GAPDH to associate with the microtubule pellets. As shown in Figure 2 (B) (lane 4 versus lane 5), kidney GAPDH also binds microtubule pellets at slightly lower levels than liver GAPDH (∼ 1.3×).
p22 and GAPDH co-distribute along tracks of microtubules
To test whether endogenous p22 and GAPDH interact in rat liver cytosol, immunoprecipitation assays were performed using anti-GAPDH or anti-GFP ( Figure 3A, IP) , followed by immunoblotting with anti-p22 and anti-GAPDH ( Figure 3A, IB) . Endogenous p22 and GAPDH were co-immunoprecipitated from rat liver cytosol using anti-GAPDH (lane 2), but not anti-GFP (lane 1). To test whether GAPDH and p22 co-localize in cells, we analysed the intracellular distribution of GAPDH and compared it with that of the endogenous p22. GAPDH plays multiple cellular roles and shows a complex immunofluorescence pattern with a wide distribution throughout the cell [23] . Nevertheless, if GAPDH affects the p22-microtubule association, we would expect at least a fraction of GAPDH to localize along the microtubule tracks, as shown previously for p22 [22] . Technical reasons prevent double-label immunofluorescence for p22 and GAPDH, since the monoclonal anti-GAPDH shows high non-specific background in BHK cells and there is no available monoclonal anti-p22. As an alternative, we performed double-label immunofluorescence of tubulin and p22 and of tubulin and GAPDH, using anti-p22 or anti-GAPDH respectively. As expected, p22 distributes clearly along microtubule tracks ( Figure 3B , panels e-h). While the distribution of GAPDH appears mainly cytosolic, a fraction of GAPDH co-localizes with microtubules (panels a-d). At higher magnifications, both GAPDH (panels c and d) and p22 (panels g and h) are detected as small punctate structures that distribute along microtubule tracks.
p22-dependent interactions between microtubules and microsomal membranes are facilitated by GAPDH
Recently, we have shown that p22 plays an important role in the interactions between microtubules and microsomal membranes [14] . To test whether GAPDH can facilitate the p22-dependent microtubule-membrane interactions, we have used the twostep microtubule-membrane-binding assay that has been described previously and characterized [14] . First, magnetic beads were covered with taxol-polymerized microtubules and incubated in the presence or absence of myr-p22, cytosol and/or GAPDH. Secondly, these microtubule-covered beads were incubated with microsomal membranes and immunoblotted with p22, GAPDH, calnexin and tubulin antibodies to assay the amount of p22, GAPDH, ER membranes and microtubules that are bound to the beads (Figure 4) . First, immunoblotting using anti-GAPDH showed that the amount of GAPDH in 500 µg of rat liver cytosolic proteins corresponds to that of 2 µg of purified rabbit muscle GAPDH (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work). Secondly, tubulin, p22 and GAPDH immunoblots confirm the presence of tubulin in magnetic beads incubated in the presence of taxol-polymerized microtubules of p22 in beads incubated with myr-p22 and of GAPDH in beads incubated with purified rabbit muscle GAPDH (Figure 4 , lower panels). Thirdly, microsomal membrane binding is detected by the presence of calnexin, an ER membrane marker, bound to microtubule-covered beads ( Figure 4 , upper panels), as described previously [14] . In Figure 4 (A) lane 1, a relative value of 100 % has been assigned to the basal microsomal membrane binding supported by microtubule-covered beads that were preincubated with cytosolic proteins. In agreement with our previous results, the addition of myr-p22 increased to approx. 220 % of the amount of microsomal membranes that are found associated with microtubule-covered beads ( Figure 4A , lane 2). In Figure 4 (B), lane 3, a relative value of 100 % has been assigned to the basal microsomal membrane binding supported by microtubule-covered beads that were preincubated with purified rabbit muscle GAPDH. Addition of GAPDH in the absence of cytosol and myr-p22 was able to support the binding of microtubule-covered beads to microsomal membranes at a level similar to that of the cytosolic proteins (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work). The well-known ability of GAPDH to bind microtubules and membranes could allow for its role in the modulation of microtubule-membrane interactions [23] . Microtubule-covered beads preincubated with myr-p22 and GAPDH are able to bind significantly higher amounts of microsomal membranes (∼ 300 %) than that of the microtubule-covered beads preincubated with only GAPDH ( Figure 4B , lane 4 versus lane 3). Our results suggest that GAPDH supports p22-dependent microtubulemembrane interactions.
The ability of p22 to associate with microtubules, but not with microsomal membranes, is supported by GAPDH
Previously, we have shown that the Ca 2+ -mediated increase in p22-dependent microtubule-membrane interactions is due to the ability of Ca 2+ to increase the p22-membrane, but not the p22-microtubule, association [14] . In the present study, we propose that the GAPDH-mediated increase in p22-dependent microtubulemembrane interactions is due to the ability of GAPDH to facilitate the p22-microtubule but not the p22-membrane association. To test this hypothesis, we have assayed the ability of GAPDH to facilitate the p22-microtubule association in the absence of cytosol. As shown in Figure 5 (A) (upper panels), addition of 2 µg of GAPDH and/or 500 µg of liver cytosol to microtubule cosedimentation assays stimulates the ability of myr-p22 to bind microtubules (lanes 2 and 3) . When the percentage of myr-p22 bound to microtubules in the presence of rat liver cytosol was normalized to 100 %, the relative percentage binding of myrp22 to microtubules in the presence of GAPDH is approx. 70 % ( Figure 5A , lower p22 panel, lanes 2 and 3). As expected, purified commercially available GAPDH associates with microtubule pellets at a level similar to that of the cytosolic GAPDH (Figure 5A, lower GAPDH panel, lanes 2 and 3) .
We have shown that GAPDH supports the p22-dependent microtubule-membrane interactions ( Figure 4B ) and p22-microtubule interactions ( Figure 5A ). In Figure 5 (B), we have tested whether GAPDH can modulate the ability of p22 to associate with microsomal membranes, by incubating microsomal membranes with myr-p22 in the presence or absence of GAPDH. After ultracentrifugation, membrane pellets were assayed by SDS/PAGE and immunoblotting using anti-p22, anti-GAPDH and anti-calnexin ( Figure 5B, upper panel) . Under these conditions, we were unable to detect significant amounts of endogenous membrane-associated p22 (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work), making this assay suitable to determine the requirements of association of p22 with microsomal membrane pellets as described previously [14] . Calnexin is detected in all membrane pellets independent of GAPDH ( Figure 5B , calnexin panels). In the presence or absence of GAPDH, p22 associates with membrane pellets at similar levels ( Figure 5B , lower panel), suggesting that p22 binds to microsomal membranes in 4) and/or myr-p22 (lanes 2 and 4) and re-pelleted. Equal amounts of membrane pellets were analysed by SDS/PAGE and immunoblotting using p22, GAPDH and calnexin antibodies. Lower panel: immunoblots were quantified as described in the Experimental section. A value of 100 % was assigned to the binding of p22 or GAPDH to microsomal membrane pellets on incubation of microsomal membranes in the presence of myr-p22 and GAPDH (lane 4). Results represent means + − S. D. for three experiments.
a GAPDH-independent manner. Similar results were obtained when binding myr-p22 to salt-washed microsomal membranes in the presence or absence of GAPDH (J. Andrade, S. T. Pearce, H. Zhao and M. Barroso, unpublished work).
p22 binds directly to GAPDH
To characterize the specificity of the p22-GAPDH interaction in vitro, myr-p22 overlay blots were performed on equal amounts of purified GAPDH, BSA and ovalbumin. As shown in Figure 6(A) , only GAPDH binds myr-p22 specifically at detectable levels. To demonstrate a direct interaction between myr-p22 and GAPDH, we have shown that myr-p22 binds to GAPDH, but not BSA or aldolase coupled with Affigel-10 beads ( Figure 6B ). To determine the affinity-binding constant of the p22-GAPDH interactions, a similar in vitro-binding assay was performed. Binding of myr-p22 to GAPDH-containing beads was dose-dependent and saturable, and the calculated K D and B max values were approx. 0.5 µM and 1.4 nM p22/nM GAPDH respectively ( Figure 6C ).
The N-myristoyl group and the last six C-terminal amino acid residues of p22 are required for their interaction with GAPDH
Since the extreme N-and C-termini of p22 are conserved in all p22 homologues, they probably have a functional role. We have analysed the effect of deleting the N-myristoyl group or the last six C-terminal amino acid residues of p22 on its ability to bind GAPDH. myr-p22-190-195 ( Figure 7A ) or p22-rec ( Figure 7B ) did not bind GAPDH coupled with Affigel-10 beads, even when double the amount of these mutants are used, compared with that of the myr-p22 (upper panels, lane 6 versus lane 2). When the amount of GAPDH-bound myr-p22 is normalized to 100 % (lower panels, lane 2), the amount of GAPDH-bound myr-p22-190-195 or p22-rec is lower than 10 %, (lower panels, lanes 4-6). Non-specific binding of myr-p22, myr-p22-190-195 or p22-rec to ovalbumin-coupled Affigel-10 beads is approx. 5-15 % (lower panel, lanes 1 and 3) .
The N-myristoyl group and the last six C-terminal amino acid residues are involved in the p22-microtubule association If GAPDH positively affects the p22-microtubule association, p22 mutants unable to bind GAPDH should show a reduced ability to associate with microtubule pellets. Thus we have compared the ability of myr-p22-190-195 or p22-rec to bind microtubule pellets in the presence or absence of liver cytosol with that of the myr-p22 (Figure 8, upper panel) . When normalizing the percentage binding of myr-p22 to microtubules in the presence of rat liver cytosol to 100 %, p22-rec and myr-p22-190-195 associate with microtubule pellets at a relative level of approx. (A, B) lower panels, the amount of myr-p22 associated with GAPDH-coupled beads when 4 µg of myr-p22 was incubated with 50 µg of GAPDH is considered as 100 %.
DISCUSSION
Previously, p22 has been shown to modulate microtubule-membrane interactions due to its ability to associate with microtubules and microsomal membranes [14, 22] . In agreement with the ability of GAPDH to interact directly with p22 and to facilitate the p22-microtubule, but not the p22-membrane association, we have shown that GAPDH supports the p22-microtubule-binding step of the p22-dependent microtubule-membrane interactions. These results indicate that GAPDH facilitates the p22-dependent microtubule-membrane interactions through its ability to stimulate the binding of p22 to microtubules.
Previously, GAPDH has been shown to display several different activities unrelated to its glycolytic function [23] . In agreement with its potential ability to affect the p22-microtubule association, GAPDH has been shown to interact with the C-terminal region of α-tubulin (residues 409-451) and stimulate the bundling activity of microtubules [30] [31] [32] [33] . Furthermore, GAPDH isoforms have been implicated in membrane fusion and trafficking [25, [34] [35] [36] [37] . Several lines of evidence indicate a connection between the functions of GAPDH in membrane fusion and microtubule organization. First, a heterozygous mutation of GAPDH in Chinesehamster ovary cells affects membrane trafficking by increasing the interaction of GAPDH with microtubules [34] . Secondly, GAPDH plays a role in microtubule organization and dynamics within the early secretory pathway [24] . Thirdly, tubulin was identified as an endogenous inhibitor of the GAPDH isoform that catalyses membrane fusion [38, 39] . Taken together, these and our results suggest that p22 and GAPDH co-operate to facilitate microtubulemembrane interactions within the early secretory pathway.
Previously, we have shown that cytosolic microtubule-binding proteins are involved in the p22-microtubule association [22] . To search for these cytosolic proteins, we took advantage of the capacity of kidney and liver cytosolic proteins to stimulate the p22-microtubule association in vitro. Our blot overlay results indicate that only one p22-binding partner (∼ 35-40 kDa) is present in the microtubule pellets containing either liver or kidney cytosolic proteins. This ∼ 35-40 kDa protein was identified as GAPDH using MS. In agreement with a p22-GAPDH co-localization in vivo, antibodies against GAPDH co-immunoprecipitate GAPDH and p22 from rat liver cytosol, and a fraction of endogenous GAPDH and p22 localize to analogous small punctate structures distributed along microtubule tracks. These results suggest that cytosolic GAPDH interacts with p22 along microtubule tracks.
Our previous results suggest that p22 interacts with microtubules through a cytosolic protein with a molecular mass over the range of 30-70 kDa and a low affinity for microtubules [22] . GAPDH has a molecular mass of 38 kDa, and previous studies have shown that K D is approx. 1 µM for the GAPDH-microtubule binding [23, 29, 40] . GAPDH associates directly and specifically with p22, and K D is approx. 0.5 µM for the p22-GAPDH interaction. The relatively low affinity of p22 towards GAPDH could be explained in several different ways. First, the intracellular amount of GAPDH is extremely high (∼ 2 % of total liver cytosolic proteins), when compared with that of the p22. Secondly, affinity of GAPDH towards p22 and microtubules is similar. Thirdly, K D for the p22-GAPDH interaction was determined for bacterially expressed p22 and commercially available rabbit muscle GAPDH; it is possible that K D for the interaction between endogenous p22 and GAPDH is actually lower, due to posttranslational modifications. Although our results suggest that GAPDH acts to mediate the interaction of p22 with microtubules, they do not exclude the involvement of other proteins in the p22-microtubule association (see below) and the existence of a low-affinity direct interaction between p22 and microtubules, which would allow for the consistent and reproducible ability of a minor fraction of p22 to bind microtubules independent of cytosol (15-30 %). We have shown that, whereas N-myristoylation and other yet unknown p22 regions are involved in the p22-microtubule association, ability of p22 to bind Ca 2+ and to undergo Ca 2+ -mediated conformational changes is not involved in the p22-microtubule association [14, 22] . In the present study, we have confirmed and expanded these observations by demonstrating that the N-myristoyl group and the last six C-terminal amino acid residues participate in the binding of p22 to GAPDH and microtubules. These regions appear to be required for the indirect GAPDHmediated p22-microtubule association and for the minor direct binding of p22 to microtubules. p22 may bind GAPDH directly through a non-linear binding site, which should include at least the N-myristoyl group and the extreme C-terminal region. Furthermore, our results also suggest that p22 interacts with microtubules through cytosolic proteins other than GAPDH in an N-myristoylation-and C-terminal-independent manner.
Several lines of evidence suggest that liver GAPDH should be responsible for approx. 70 % of the p22-microtubule-binding activity with other yet unknown proteins accounting for the remaining approx. 30 %. First, GAPDH or kidney cytosol can only recover approx. 60-70 % of the p22-microtubule-binding activity detected in liver cytosol. Secondly, GAPDH acts as the only microtubule-associated p22-binding partner in kidney cytosol, whereas liver cytosol contains at least four p22-binding partners, including GAPDH. Thirdly, the absence of either the N-myristoyl group or the last six C-terminal residues reduces the p22-microtubule association to approx. 36-38 %. These results suggest that other yet unknown p22-microtubule-binding modulators are capable of stimulating the p22-microtubule association in a tissue-specific manner; they act independent of N-myristoylation and C-terminal region of p22, and thus their mechanism of action should be distinct from that of GAPDH. Alternatively, GAPDH may be subjected to different post-translational modifications in liver and kidney. The reason for the tissue specificity of p22-microtubule-binding activity is not known, but may be related to a distinct organization of the microtubule network in epithelial cells with different morphology, shape and secretory functions [41] . Together our results suggest that the p22-microtubule association occurs in a complex manner that depends on the protein conformation of p22 as well as on its ability to interact with GAPDH and other yet unknown p22-microtubule-binding protein(s).
